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The formation of continental margins and rift basins is classically explained by lithospheric 36 extension. Mc Kenzie (1978) quantified the vertical motions that result from a uniform and 37 passive extension of the crust and lithosphere. The two main contributions to these motions 38 are subsidence, caused by crustal thinning, and uplift, caused by lithosphere heating. The 39 combination of these two factors explains an initial rapid subsidence during rifting, followed 40 by a slower thermal subsidence after rifting as the lithosphere cools down and returns to its 41 original thickness. However, this pattern is not always observed on continental margins. For 42 example, studies have demonstrated a rift-flank uplift of up to 1000 m in the Gulf of Suez 43 (Steckler, 1985) or uplift and erosion landward of a narrow hinge zone in the US Atlantic and 44 eastern Australian continental margins (Weissel and Karner, 1984; Steckler et al., 1988) . A 45 greater degree of extension at depth rather than in the upper crust has been proposed to 46 account for these observations (Royden and Keen, 1980; Steckler, 1985; Steckler et al., 1988 ; 47 proposing general dynamic models of lithospheric extension. Unfortunately, this task is made 54 more difficult by the long and complex pre-rift history, often combined with poor-quality and 55 scattered geophysical and subsurface data. This last point has been repeatedly emphasized by 56 Watts (1981) : "unfortunately, there is presently too little seismic and lithologic information 57 on the actual proportion of pre-rift and syn-rift to post-rift sediments (…) to constrain these 58 models". 59 Réhault et al., 1984) In terms of subsidence, the Provencal basin has long been considered as an Atlantic-type 124 passive margin (Ryan, 1976; Steckler and Watts, 1980; Burrus, 1989) . While uniform 125 extension models (McKenzie, 1978) were largely used to explain the evolution of such 126 margins, many discrepancies with the predictions of these models have been highlighted in 127 the Gulf of Lions. Steckler and Watts (1980) used biostratigraphic data from commercial 128 wells to study the subsidence history of the Gulf of Lions. They described a relatively small 129 volume of syn-rift sediments compared to post-rift sediments. For these authors, the small 130 amount of subsidence associated with rifting rules out any major stretching of the continental 131 crust, while the magnitude of the thermal subsidence requires widespread heating of 132 thelithosphere during rifting. Steckler and Watts (1980) concluded that mechanisms other 133 than passive heating related to stretching are required to account fully for these observations. 134
This first type of discrepancy was not corroborated by more recent studies, which described a 135 great thickness of synrift sediments (Bessis, 1986; Guennoc et al., 2000) . Bessis (1986) and 136 Burrus (1989) pointed out that the evolution of the subsidence of the Gulf of Lions was 137 qualitatively (rapid initial subsidence during rifting, followed by a slower thermal subsidence 138 after rifting) but not quantitatively in agreement with the uniform stretching model proposed 139
by McKenzie (1978) . In this way, they introduced the concept of "paradox of stretching" in 140 This study benefited from large amount of data collected in the area for both commercial and 154 academic purposes (Fig. 1) . A partnership with Total gave us access a complete set of 155 conventional and high-resolution seismic reflection data from the coast to the deep sea 156 domain. Seismic interpretations were carried out based on the principles of seismic 157 stratigraphy (Vail et al., 1977) . Additional data were obtained from the e-logs of nine oil-158 industry boreholes that sampled the sedimentary cover down to the substratum. A detailed 159 micropaleontological study (Cravatte et al., 1974) The peculiarity of the Gulf of Lions margin is its wide area of continental shelf, which 172 contrasts with the narrow margins of Catalonia to the south-west and Provence to the north-173 east. Seismic reflection data tied to the boreholes (Fig. 1) have provided a detailed 174 morphological map of the pre-Tertiary substratum (Fig. 2) . In the present study, we first 175 describe the morphology and superficial structures of the substratum, and then its deep 176 structure using seismic refraction results (Pascal et margin, which is in a high topographic position, from the more subsident distal margin (Fig.  199   3A) . The N-S directions (Fig. 4) in the south-western sector of the margin, this limit is unclear at the top of the crust (Fig. 3B) . 209
The study of crustal thickness variations allows us to clarify the nature of these major 210 transitions at depth and identify three structural domains going from the land toward the basin 211 ( (Fig. 3) . The factor calculated in this way, which lies between 1.5-2 for 241 domain I assuming uniform extension, induces a theoretically horizontal movement of 242 between 33 and 50 km. In fact, we only observe 15-20 km of horizontal movement. Thus, we 243 can conclude that more than half of the thinning of domain I cannot be explained by upper 244 crustal extension. Conversely, the crustal configuration of domain II (tilted blocks) suggests a 245 large amount of crustal extension (ß = 4.5 -6) (Fig. 3) . 246
To summarize the crustal observations, a major contrast occurs between domain I and domain 247 II on the Gulf of Lions continental crust slope. Domain I is characterized by a thinned 248 continental crust and weak stretching. Domain II (tilted blocks zone) is characterized by a 249 strongly thinned continental crust and major stretching. These domains can be recognized by 250 their crustal thicknesses and are delimited by a major fault at the top of the crust (fig. 3) . 251
These observations are in line with the "stretching paradox" (Bessis, 1986; Burrus, 1989) Tortonian age, is characterized by sedimentation on a wide prograding shelf. This unit fills 267 pre-existing hollows in the relief, and displays morphologies with geometrical onlaps (Fig. 6)  268 and progradations toward the basin, forming features that are clearly recognized not only on 269 seismic data as clinoforms (between 80 and 100 km from the coast on Fig. 3B ) but also on 270 dipmeter data in the Autan 1 well (Cravatte et al., 1974) . These facies are made up of deltaic 271 deposits. The third unit (Me on figures), is restricted to the basin (Fig. 3) , and corresponds to 272
Messinian terrigeneous siliciclastic and evaporitic facies related to the major drawdown of sea 273 level in the Mediterranean after its isolation from Atlantic waters (Hsü, 1972; Cita, 1973 ; 274 Clauzon, 1973; Ryan, 1973) The second point concerns the presence of a major erosional surface at the top of the synrift 301 deposits or directly on the substratum. In the south-western part of the Gulf of Lions, this 302 surface erodes syn-rift deposits and is clearly distinguished from a more recent major erosion 303 surface (Fig. 7) attributed to the Messinian (Bache et al., 2009 ). In this part of the margin, the 304
Miocene shelf (Mi) is thick and preserved between the two surfaces (Fig. 7) . In the elevated 305 north-eastern part of the Gulf of Lions, the substratum is directly eroded. The GLP2 basement 306 structure, located at the boundary between domain I and domain II, is eroded perpendicularly 307 to its main strike (Fig. 8) , and thus demonstrates the importance of this erosion. Three major 308 axis of erosion can be outlined (in red on Figs. 2 and 4). In this part of the margin, there are 309 almost no Miocene deposits (Mi), so the two erosional surfaces are often merged. However, 310 two arguments lead us to link GLP2 substratum erosion to the early erosional phase identified 311 in the south-western part of the margin. (1) The first argument is based on paleogeography: no 312
Messinian fluvial network comparable to the Messinian Rhône, and capable of eroding the 313 GLP2 structure, has been found farther landward. However, we should not ignore the 314 presence of karst features comparable to those observed in Ardeche (Mocochain et al., 2006) . 315
(2) The erosional surface also affects the top of the tilted blocks at the foot of the eroded 316 GLP2 high (Fig. 8) . These blocks are overlain by Lower Miocene sediments (Mi) and were 317 therefore eroded and destabilized before the Messinian erosional event. To the East, the 318 margins of the Ligurian Sea are also cut by many canyons. These canyons were subaerial 319 during the Messinian crisis (Clauzon, 1978 ; Estocade-group, 1978; Ryan and Cita, 1978 ; 320 Savoye and Piper, 1991), and then re-eroded during the Quaternary (Cyaligure-group, 1979). 321
An older formation of these features could also be considered. 322
To summarize the sedimentary observations, the major part of the Gulf of Lions margin is 323 highly eroded and synrift deposits are either very thin or completely lacking (domain II and 324 seaward part of domain I). Landward of this early erosion, some significant but localised 325 synrift accumulations can be picked out (in yellow on Fig. 2) accumulations, and, in its seaward part, by early erosion affecting the top of thin synrift 334 deposits or cutting down directly into the substratum. Domain II, on the contrary, is 335 characterized by extremely thinned and stretched crust that can also be affected by the early 336 erosion. These domains can be recognized by their crustal thicknesses, and are sometimes 337 delimited by a major fault at the top of the crust. This configuration leads us to discuss the 338 following points. 339
A high topographic position of the continental crust slope during
The strong early erosion observed at the top of the synrift deposits or directly on the 343 substratum suggests that the erosion took place under subaerial conditions. In addition, the 344 generally thin development of synrift sediments (Fig. 4) suggests either that the margin did 345 not subside much during rifting or that it was uplifted at the end of rifting. The aggrading 346 shelf-slope geometries during the early to middle Miocene (Fig. 3B) The transition between the thinned but poorly stretched domain I and the extremely thinned 378 and stretched domain II is characterized by a major fault identified near the surface. The main 379 stretching phase of the crust is thus localized in the narrow domain II, seaward of this major 380 fault. The "necking zone" described on numerous margins has been similarly interpreted 381 (Sibuet, 1992 
Segmentation of the margin
The Provencal Basin is characterized by a segmentation of the order of 100-150 km (Fig. 1) . 398
The wide Gulf of Lions-Sardinia segment is flanked on either side by the narrow Provence-399 Nurra and Catalonian-Iglesiente segments. The Sardinia and Corsica blocks cannot be 400 dissociated to reduce the width of Gulf of Lions-Sardinia segment (Fig. 5) 
A new model of evolution for the Gulf of Lions
Observations in the Gulf of Lions are taken into account here to propose a model for the 418 formation of this crustal segment (Fig. 10) . At first, most of the Gulf of Lions margin is 419 subaerially exposed during an early phase of rifting (Fig. 10A) . A major fault separates the 420 40-50 km wide rift from domain I, which represents the uplifted footwall of this fault. The 421 seaward part of domain I (GLP2 structure) is subject to continuous erosion. Drainage is 422 directed away from the rift to external basins (in yellow). In a second stage (Fig. 10B) thermo-mechanical models and give mechanical constraints on the complex interplay between 450 subduction and roll-back processes in extensional basin formation (Cloetingh et al., 1995) . 451 Different mechanisms have been proposed to explain rift flank uplift on extensional margins 452 landward of the hinge zone, including thermal processes (Royden and Keen, 1980; Keen, 453 1985; Steckler, 1985; Buck, 1986 ) and flexural isostatic rebound in response to mechanical 454 unloading of the lithosphere during extension (Watts, 1982; Weissel and Karner, 1989 
